Isochronous Mass Spectrometry (IMS) in heavy-ion storage rings is an excellent experimental method for precision mass measurements of exotic nuclei. In the IMS, the storage ring is tuned in a special isochronous ion-optical mode. Thus, the mass-over-charge ratios of the stored ions are directly reflected by their respective revolution times in first order. However, the inevitable momentum spread of secondary ions increases the peak widths in the measured spectra and consequently limits the achieved mass precision. In order to achieve a higher mass resolving power, the ring aperture was reduced to 60 mm by applying a mechanical slit system at the dispersive straight section. The momentum acceptance was reduced as well as better isochronous conditions were achieved. The results showed a significant improvement of the mass resolving power reaching 5.2 × 10 5 , though at the cost of about 40% ion loss.
Isochronous Mass Spectrometry (IMS) in heavy-ion storage rings is an excellent experimental method for precision mass measurements of exotic nuclei. In the IMS, the storage ring is tuned in a special isochronous ion-optical mode. Thus, the mass-over-charge ratios of the stored ions are directly reflected by their respective revolution times in first order. However, the inevitable momentum spread of secondary ions increases the peak widths in the measured spectra and consequently limits the achieved mass precision. In order to achieve a higher mass resolving power, the ring aperture was reduced to 60 mm by applying a mechanical slit system at the dispersive straight section. The momentum acceptance was reduced as well as better isochronous conditions were achieved. The results showed a significant improvement of the mass resolving power reaching 5.2 × 10 5 , though at the cost of about 40% ion loss. 
I. INTRODUCTION
The nuclear mass is one of fundamental properties of a nucleus. It provides valuable information on the nuclear binding energy that embodies the summed effect of all interactions among ingredient nucleons. Accurate mass values play an essential role in various research subjects ranging from chemistry to stringent tests of weak interaction and the Standard Model. In general, the required accuracy depends on the research subject being explored [1] . For example, investigations of the evolution of shell closures requires relative mass precision better than δ m/m = 10 −6 , while the test of the conserved vector current (CVC) hypothesis requires a relative precision better than 10 −8 . Most of the nuclei with unknown masses are far from the valley of β -stability. Hence, their precision mass measurements are constrained by their low production cross-sections and short half-lives. Isochronous mass spectrometry (IMS) established in storage rings has been proven to be a powerful tool for mass measurements of exotic nuclei with short half-lives even down to several tens of microseconds [2, 3] . Furthermore, IMS allows for sensitive detection of a single ion by using a time-of-flight (ToF) detector [4, 5] . In recent years, many important questions con-time-of-ight fl detector Electron cooler   MG43S02   MG43S01   MG43S03   MG42S03   MG42S02   MG42S01  MG41S01   MG41S02   MG41S03   MG44S01   MG44S02   MG44S03   MG44Q3  MG44Q2  MG44Q1  MG43Q1  MG43Q2  MG43Q3   MG41Q1  MG41Q2  MG42Q1  MG42Q2   MG44Q4  MG44Q5  MG44Q6   MG43Q4  MG43Q5  MG43Q6   MG42Q3   MG42Q4   MG42Q5   MG41Q3   MG41Q4 cerning nuclear structure and nuclear astrophysics have been addressed by applying IMS at the Experimental Storage Ring (ESR) at GSI, Darmstadt, Germany [6] [7] [8] [9] [10] and the Experimental Cooler-Storage Ring (CSRe) at IMP, Lanzhou, China [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Moreover, several new storage ring facilities aiming at the IMS mass measurements are being constructed or planned [18, 24] .
For particles stored in a ring, their revolution times (T ) depend on their mass-to-charge ratios (m/q) and momenta (p). In a first-order approximation one can write [25] [26] [27] [28] :
where γ is the relativistic Lorentz factor of the stored particles and γ t denotes the transition energy of the storage ring, an ion-optical parameter determined by the ring lattice. Various efforts are made to minimize the second term on the right hand side of the above equation [28] , which directly affects the achievable mass resolving power. In IMS, the storage ring is tuned into the isochronous ion-optical mode, characterized by a certain γ t value. The ions are injected with energies corresponding to γ ≈ γ t . As a consequence, the revolution times for these species are directly determined by their m/q and are (in first order) independent of their momentum spreads. It is clear that due to a limited magnetic rigidity (Bρ = mvγ/q) acceptance of the ring, this condition is fulfilled for a limited range of m/q values. The narrow m/q region in which the isochronous condition γ t ≈ γ is roughly fulfilled is called the isochronous window [29] . Typically, the absolute value of phase-slip factor η, defined as 1/γ 2 t − 1/γ 2 , is as small as 10 −3 in the isochronous window and increases rapidly depending on the proximity of γ to γ t . The above considerations assume that γ t is constant over the entire acceptance of the ring. In practice, due to the field imperfections and the chromatic aberrations of magnetic elements, the parameter γ t has a dependence on the closed orbit (magnetic rigidity). For more details, the reader is referred to Fig. 4 .19 in Ref. [30] and Fig. 3 in Ref. [31] where γ t as a function of Bρ is illustrated for the case of the ESR. There are investigations on how to minimize such nonlinearities by introducing higher multipole magnetic fields like octupoles or even decupoles [32] . Thus, the large momentum spread due to the nuclear reaction process and the non-constant γ t contribute to the spread of the measured revolution times and limit the mass resolving power. To achieve a higher mass resolution, a pioneer technique, called Bρ-tagging, was realized at GSI [33] [34] [35] . There, a narrow slit system was utilized at the second dispersive focal plane of the in-flight fragment separator FRS to define (restrict) the Bρ spread of transmitted and injected fragments to ∆(Bρ)/(Bρ) = 1.5 × 10 −4 , while the injection acceptance of the ESR is ∆(Bρ)/(Bρ) ≈ 10 −3 . As a result, mass resolving power of about 5 × 10 5 was achieved though at a cost of dramatically reduced statistics.
To restrict simultaneously the momentum spread and the parameter η, a metallic slit was installed in the storage ring CSRe. Fig. 1 illustrates the schematic view of the CSRe, in which the positions of the slit and the ToF detector are also shown. This technique has been utilized in the experiment aiming at mass measurements of 58 Ni projectile fragments. By application of the in-ring slit, the mass resolving power about 5.2 × 10 5 (sigma value) has been achieved, to be compared to 1.8 × 10 5 [11, 13] in previous experiments without using the slit. As a highlighted result, low-lying isomers in 44 Open circles and open triangles represent results from the settings without using the slit with γ t = 1.396, 1.400, respectively. Solid squares show results from γ t = 1.400 setting using the silt system. have been discussed in Refs. [17, 19, 22] . In this contribution, unpublished details of the experiment and data analysis are presented.
II. EXPERIMENT AND RESULTS
The experiment was conducted at the Heavy Ion Research Facility in Lanzhou (HIRFL) and Cooler Storage Ring (CSR) accelerator complex. The high-energy part of the facility consists of the heavy ion synchrotron CSRm, the experimental ring CSRe coupled to CSRm by an in-flight fragment separator RIBLL2 [36] . The short-lived nuclei of interest were produced in projectile fragmentation reaction of 58 Ni 19+ primary beams at a relativistic energy on a beryllium-9 target with a thickness of 15 mm. At these energies, the produced fragments are fully ionized. The fragments were selected by RIBLL2 within a certain Bρ acceptance. A cocktail beam was injected into the CSRe. In our context, the CSRe has a relatively large Bρ injection acceptance. The transition energy of CSRe was set to γ t = 1.400 in the isochronous ionoptical mode. In order to set the best isochronous condition for 52 Co 27+ , which is the primary goal in this experiment, the ring was set to a fixed magnetic rigidity of Bρ( 52 Co 27+ ) = 5.8474 Tm, calculated for γ = γ t = 1.400. Also the magnetic rigidity of the beam-line RIBLL2 was set to this value to allow for an optimal transmission. The energy of the primary beam 58 Ni 19+ was selected to be 467.91 MeV/u according to the calculation via LISE++ program [37] so that the 52 Co 27+ ions had the most probable velocity with γ = 1.400 after the exit from the beryllium target.
A ToF detector was used to measure the revolution times of the stored ions. The detector is based on the detection of secondary electrons released from the surface of a carbon foil installed inside the ring aperture [5] . The stored ions penetrate the foil at each revolution. Ideally, the electrons are released at each passage of an ion through the detector. The electrons were guided to a set of micro-channel plates (MCPs) by perpendicularly arranged electrostatic and magnetic fields. The timing signals were recorded directly by a high-performance digital oscilloscope Tektronix DPO 71254. For each injection the recording (sampling) time was set to 300 µs, to be compared to 200 µs in previous experiments [12, 13, 29] . The revolution times of each ion was extracted from the timing signals. After correction for the time drifts due to instabilities of magnetic fields, masses of nuclides of interest were obtained from the final revolution time spectrum. Our conventional procedure for the data analysis has been described in detail in Refs. [11, 22] . After 12-hours data accumulation (see blue open circles in the Fig. 2) , it has been found that nuclides with revolution times around 616 ns had the minimum standard deviation σ (T ), while the revolution time of 52 Co 27+ ions was about 614 ns. Since this is a good indicator for the isochronous condition, the ring was obviously not optimized for 52 Co 27+ . According to the measured experimental data, the transition energy γ t of the CSRe was about 1.396. This slight deviation of γ t from the aimed value was mainly caused by the imperfections of the ring magnetic fields. A first order optimization of the ion-optical isochronous setting was made via modifications of the quadrupole magnetic field strengths [38] . The current of a family of quadrupoles, MG43Q1 and MG44Q1, was increased by 0.4%. In this way, the γ t of the CSRe was corrected to 1.400. The success of this optimization was confirmed after a 8-hours data accumulation (see red triangles in the Fig. 2) , where the nuclides with revolution times around 613 ns showed the minimum standard deviation σ (T ). The excitation energy of the low-lying isomeric state in 52 Co is about 390 keV, which is inferred from its mirror nucleus 52 Mn [39] regardless of isospin-symmetry breaking. According to Eq. 1, the corresponding difference of revolution times between the isomeric and ground states in 52 Co is about 3 ps. However, from the results of the described two settings, the minimum standard deviation is about 1 ps for the nuclides with the best isochronous condition. To achieve better resolution of the isomer from the ground state in the revolution time spectrum, a higher mass resolving power is needed.
For this purpose, a mechanical slit limiting the ring aperture has been installed. In principle, it should be installed at the place where the dispersion is large. Its actual position was determined according to the simulation for β -functions and dispersion function of the ion-optical setting of the CSRe as shown in Fig. 3 . The dispersion at the position of the slit was estimated to be 20 cm/%. The width of the slit set to be was 60 mm, corresponding to the momentum acceptance of the CSRe of ∆p/p ∼ ± 0.15%, while this value was ∼ ± 0.2% in the previous experiments under the same optical settings but without the application of the slit [13] .
This method effectively improves the precision of the revo-lution time measurement in comparison with the other settings as demonstrated in Fig. 2 . The obtained standard deviations of the revolution times are shown as black squares in this figure.
There were two changes that should be addressed. The first one was that the revolution time, of which nuclide have the minimum σ (T ), shift from 613 ns to 614 ns even though the current of any magnet was not change at all. As discussed in the introduction, this shift is mainly due to the none constant value of γ t in the full momentum acceptance. The γ t value discussed here was an average result. By using the slit, the γ t parameter was restricted in a smaller momentum acceptance, and thus the average value of γ t changed. The second point is that the resolving power was improved by about a factor of two for 52 Co. Fig. 4 clearly illustrates that the low-lying isomer in 52 Co with E x of about 390 keV was now well resolved from the ground state. Furthermore, both the nuclides of interest and nuclides used as references in the mass calibration procedure benefited from this method. As a result, the statistical error and the fitting error in the mass calibration could be reduced leading to an unprecedented mass precision of 5 ∼ 10 keV reached so far in the IMS for short-lived nuclei. Similar to the Bρ-tagging method applied at the FRS-ESR, the negative consequence of the application of the slit is that the available orbitals in the CSRe were reduced leading to the loss of valuable particles due to the smaller acceptance. We compared the average number of survived ions before and after the application of the slit. As shown in Fig. 5 , a great reduction of about 40% was clearly seen after using the slit. Furthermore, the continuous decease of the average number in both cases reveals that the beam gradually lose when circling in the ring. In the previous experiments, only those ions which circulated for more than about 300 revolutions (186 µs) in CSRe were considered in the data analysis [11] . Obviously, some ions do not survive for so long time. Before using the slit, the average number decreased by 8% (from 14.25 to 13.13) when compared ions with storage time longer than 100 µs and 186 µs, while decreased by 18% (from 8.83 to 7.20) after using the slit. The loss of ions corresponding to the storage time was amplified by using the slit.
The uncertainty of the revolution time of each stored ion, that was extracted from periodic timing signals, contains two contributions, the finite emittance (defined as a deviation from the reference particle) of the ion and the time resolution of the ToF detector. The influence of the former can be eliminated by averaging the data from a large number of revolutions. The uncertainty contribution from the latter has been estimated in Ref. [2] to be
where ε is the detection efficiency, σ (about 50 ps) is the time resolution of the ToF detector, and M is the number of turns that ions were stored in the ring. ε varies from 20% to 90% depending on the total number of timing signals in the detector in one injection and on the proton number of the ion [5, 40] . In this experiment, it is about 50% for ions with proton number around 20. For an ion that was stored for more than 100 µs, namely for more than 150 turns, the uncertainty of the revolution time was better than 0.1 ps. This value shall be compared to the standard deviations of the revolution time peaks in the final spectrum of larger than 0.5 ps. Finally, all ions that circulated for more than 100 µs were used, leading to an increase of statistics by about 20%. Our present results show that the limitation set on the storage times in the data analysis of the previous experiments was too conservative. The loss of ions for different species of nuclide, caused by the application of the slit, was further investigated as shown in Fig. 6 . The normalized number for each nuclide is all smaller after using the slit. About 30%-45% of ions were lost in the revolution-time window from 612 ns to 616 ns, where the nuclei of interest were mainly located (indicated by the greyshadowed region in Fig. 6 ).
Meaningfully, we found that the N/N 0 has a positive correlation with the revolution time. A possible explanation for this dependence is that the momentum distribution for each nuclide is different, as discussed in Ref. [41, 42] . Without the slit, nuclei within the entire acceptance of CSRe can be stored in the ring. After applying the slit, the momentum distributions are restricted in a smaller range. In this experiment, the nuclei with longer revolution times are in general heavier and closer to the projectile, thus have narrower momentum distribution compared with the nuclei with shorter revolution times. Thus, the N/N 0 is larger for nuclei with longer revolution time. To testify this hypothesis, we plan to measure the actual momentum distributions of nuclei in the ring by using a double-TOF detector system [29, 43] in the forthcoming experiments.
III. SUMMARY AND PERSPECTIVE
We presented some details of the experiment and data analysis of isochronous mass measurements at the CSRe with the application of an in-ring slit system. Owing to the slit, the momentum distribution was reduced and a better isochronicity has been achieved. The results have shown that the IMS with an applied slit can lead to a significantly improved mass resolving power. In this experiment we achieved m/∆m = 5.2 × 10 5 (sigma value). However, the application of the slit leads to the loss of about 40% of ions. Our method was further successfully applied in experiments addressing 112 Sn projectile fragments [20] , where a slit with a narrower, 50 mm opening, has been introduced resulting in even higher mass resolving power.
In the past few years, the IMS at the CSRe has been extended by the installation of a double-TOF detector system. Several pilot experiments have been done [44] . With the new set-up, the velocity of each stored ion can be measured in addition to its revolution time. Thus the γ t as a function of the orbit length could accurately be measured [45, 46] . With the latter developments, the mass resolving power of the IMS will likely be further improved without losing statistics.
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